Energy Resource Allocation Optimization: A Mixed Integer Programming Fixed Charge Model by Khorsandi, Mashaallah
University of Central Florida 
STARS 
Retrospective Theses and Dissertations 
1976 
Energy Resource Allocation Optimization: A Mixed Integer 
Programming Fixed Charge Model 
Mashaallah Khorsandi 
University of Central Florida 
 Part of the Operational Research Commons 
Find similar works at: https://stars.library.ucf.edu/rtd 
University of Central Florida Libraries http://library.ucf.edu 
This Masters Thesis (Open Access) is brought to you for free and open access by STARS. It has been accepted for 
inclusion in Retrospective Theses and Dissertations by an authorized administrator of STARS. For more information, 
please contact STARS@ucf.edu. 
STARS Citation 
Khorsandi, Mashaallah, "Energy Resource Allocation Optimization: A Mixed Integer Programming Fixed 
Charge Model" (1976). Retrospective Theses and Dissertations. 227. 
https://stars.library.ucf.edu/rtd/227 
ENERGY RESOURCE ALLOCATION OYI'IMIZATIOO 
A MIXED INTBGlR PROClR.MMING FIXED CHARGE MJDBL 
BY 
MASHAALLAH IHORSANDI 
B.S., Florida TeChnological universi~, 1973 
1HESIS 
Submitted :in partial fulfillnent of the requirements 
for the degree of I~ter of Science: Operations Research 
i11 the Graduate Studies Program of the College of Engineering 




A fixed ch.a:rge oodel has been developed for a case study of a 
total en~rgy power plant :i.nvolvf:ng energy danands for chilled water, 
~gh temperature hot wter, and electrical power. Using a IORTRAN 
computer program, which employs the Land and Doig branch and bound 
~lgorithm, the system model is solved for different sets of system 
demands for multiple en~rgy users, and the follow~g set of infonna-
tion is obtained t~ guide the decisions of operations personnel: 
1. Reconunended on/off status for each piece of equipment in the 
system. 
2. Reconmended rate of operation for each ~ieee of machinery. 
3. Required amotmts of different types of fuel to satisfy system 
demands. 
4. A preferred path of flow tliro~gh the system for each type of 
en~rgy purchased or produced within the system. 
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Definition and Description 
According to Diamant in ·rotal Energy, electricity is the most 
convenient and eff~cien~ general fonn of energy. It can be converted 
into heat at almost 100% efficiency and into mechanical energy, light 
en~rgy and sound en~rgy at very ~h efficiencies. lbwever, the most 
common process lead~g to the production of electricity is wasteful 
'-
and inefficient. This production process consists of burning raw fuel 
to produce heat, which is transfonned· into ·mechanical energy which, in 
turn, is finally transfonned into electricity. The most wasteful step 
in the process is the conversion from heat to mechanical energy. This 
step often wastes between 70 .... 75% of the heat energy [1]. 
Before 1950, electricity was produced almost exclusively by 
l~rge power-generating companies and ~ transferred to customers over 
great distances thr~gh the use of extremely expensive, massive over-
head power lines. These companies built unsightly and expensive 
cooli:ng towers to rid themselves of what was th~ considered ''useless 
waste heatu Ill. 
2 
But within the last two decades there has been an expansion 
in the use of total ene.rgy power plants. These are .generally smaller 
power plants-·which are built in close proximity to the energy demands 
and which recover waste heat and use it for such purposes as heating, 
absorption chillers, and high temperature hot water. Since the . 
advent of the ene.rgy crisis in the early 1970's, even the large 
power-generating companies have begm. to recover their waste heat and 
put it to use [1]. 
In addition to recover:ing waste heat, these total energy 
operations conserve energy and avoid h~gh costs by eliminating lang 
distance electricity transmission which is one of the mst expensive 
fonns of energy transmissim known. When electricity is transported 
long distances, it is necessary to use expensive transfonners at the 
beginning and at the end of the transmission lines which cause energy 
to be wasted in the fonn of non producti~ heat. Long distance elec-
tricity ·transmission results in other considerable power losses due 
to current leakages, wire resistance, etc. Also, long distance 
transmission requires the construction of huge pylons and high voltage 
overhead power lines, both of which are extre~ly expensive [ 2 ] . 
One factor which makes a total energy plant JOOre attractive is 
the fact that .energy for heat~g may be obtained DnJch cheaper and 
·easier :in ways other than by using electricity. It should also be 
noted that energy for heat~g can be used both in heat~g and in air-
conditi~g. Therefore, in climates where heat~g is required :in the 
3 
winter and where air-conditio~g is required in the s~r, the 
amount of heat ene~gy required for heat~g in the winter will be con-
sistent with. the amount of heat ene.rgy required for air-conditioning 
in the summer. Thus, heat energy may be utilized year-round [ 3 ] ~ 
Diamant [1] states the following compcnents as essential to 
a total energy system: 
a) A prime rover which has an output consisting of shaft power 
together with heat energy. As an alternative the priloo 
rover may be replaced by a fuel cell' where the output is 
in the fonn of electric power plus heat energy. As mechanical 
power can be ccnverted into electrical energy at almost no 
thermodynamic loss, it can be seen that these two types of 
systems ·are quite comparable. 
b) A device which converts the mechanical energy into elec-
trical energy. This is nonnally an alternator, which is of 
completely conventional design .... 
c) Methods of making the waste-heat en-ergy usable .... 
Also, a total ene.rgy plant must have control and safety devices along 
with qualified persOIUlel to run the plant effectively. 
:Amo~g the methods of making waste-heat ene_rgy usable are: 
waste heat boilers, absorption chillers, drying equip100nt, process 
steam supply, district heating to conmunities, sewage disposal [ 4 ] , 
and flash evaporation to provide "adequate quanti ties of fresh water 
to urban and industrial communities" [1] . 
Need for Optimization 
Obviously, before building a total energy power plant, it is 
necessary to detennine whether purchasing electricity or producing 
electricity is more economical since total energy plants have the 
4 
disadvantage of initial construction costs. Diamant [1] states three 
basic requireme:t:tts for making a total energy plant econanically attrac-
tive and ~able: 
a) The equipment must be employed as fully as possible. 
b) The recoverable heat must be utilized well. 
c) Adequate quantities of relatively low cost fuei must be 
available. 
Therefore, a total energy plant must satisfy all of the 
consUIOOr demands for various types of ene.rgy while limited by various 
constraints peculiar to the system, and at the same time, utilize 
available equipment to its fullest and conserve energy wherever 
possible, all as cheaply as possible. Mathematical modeling of a 
particular total energy installation can be used to relate these 
requirerents and provide the basis to determine feasible and optimal 
solutions to this problem for purposes of both pre-construction as 
well as operations analysis. 
:Modeling a Total Energy Plant 
Linear Progr~g Model 
A previous paper was written by Paul F. Hutchins [ 5 ] inves-
tigating ene.rgy resource allocation optimizatic;m. thro:ugh the use of 
a linear progranming model. Hutchins discussed the same case study 
which will be examined in this paper. 
Hutchins states that the purpose of his model: 
. . . is not to determine h<M many and at what level a single type 
of equipment is to _operate. It is to determine which path of 
energy conversions to Choose When presented ~th alter.nate ones 
whiCh lead to the smoo end and what rates of operation are 
necessary to meet the desired demands [ ~ ] . 
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HutChms ~_:;o states that he did not intend "to determine what 
corrbinatian of electricity generators is economically best based on 
the nonlinear shapes of their cost/hr versus load curves". Hutchins 
also stated that such optimum dispatCh problems for individual gene-
rators were well documented [6] and were not considered in his model. 
Unfortunately, a linear progr~g model such as the one 
developed by Hutchins, does not provide a method for solving the real 
problem which ·the power plant operator faces. That problem being, 
on a real time basis, the operator must detennine whiCh of several 
individual pieces of equipment to operate and the rate of operation 
for each, in order to satisfy consumer demands, to confonn to system 
lirni tations, and to minimize operational costs . 
As an example of a portion of the problem fa~g the power 
plant operator, consider the followl.!tg situation: Six centrifugal 
Chillers are available for operation. To satisfy current system 
demands for chilled water, th~e of the Chillers are on, each operating 
at 75% of their maximum capacities. 
When confronted with a su:lden rise in Chilled water demand 
(for air-condition~g, for example), the operator must decide how 
many more centrifugal Chillers must ·be turned on and the rate of 
.. 
operation for eaCh. In other words, is it more economical, for 
example, to tum on all six Chillers and operate them all . at 75% of 
their maximum capacities, or to run five chillers with four ~g 
at 100% of their maximmn capacities and one running at 50% of its 
maximum capacity? 
Mixed Integer P~grmmning Fixed Clla.rge Mldel 
6 
A fixed charge mdel provides an excellent nethod to make 
accurate decisions in the face of such problell5. Cahpter II discusses 
in detail the precise foniUlation and mthods of solution for fixed 
ch~rge problems. Basically, a fixed charge model allows us an 
int~ger variable for each piece of equipnen.t in the system. This 
int~ger variable may asstune a value of either 0 or 1 indicat~g, if 
0, that the equipment is off, or, if 1, that the equiprent is on. 
In the fixed cha.rge JIDdel, men the int.eger variable asstunes 
the int~ger value of 0 (the equipnmt is off) then the continuous 
variable will also assume a 0 value. However, when .the :integer 
variable ass'UIIes the value of 1 (the equipment is on) then the con-
tinoous variable may asstDne any real ntmlber within constraint values. 
There are other continuous variables associated with the arnotm.t of 
electricity or other energy fonns passing thro:ugh wires, pipes, etc. 
which are not directly associated with controlling int~ger variables. 
However, the manner in which the system is modeled forces, for example, 
a wire to transmit 0 electricity if the source from which it emanates · 
is off. Therefore, a major advantage of using a·· fixed charge rodel 
instead of a linear programning model is that the fixed charge ~1 
provides an excellent tool for detennin~g which piece of equiprent 
should be turned on, left on, turned off, or left off. 
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Associated with each continoous variable in the objective 
ft.m.ction is a "per mit cost". Th.us the cont:inuous variable repre-
sents _a ce.rtain number of units of, in this case, energy. Associated 
with each integer variable in the objective ft.m.ction is a setup cost 
(and so the name fixed charge) sornetires lmown as a penalty cost. 
In this case, the setup cost represents the cost in money, tine and 
lost energy to tum an any one piece of equipment. The lost energy 
rentioned ImJSt· be considered because certain equiprent, when turned 
off, loses all of the energy contained within it (hot water in a 
boiler, for instance) . This lost energy, then, becomes part of the 
setup cost the next time the piece of equiprent is used. Thus, this 
lost energy portion of the setup cost is known as a upenalty cost". 
Both types of costs are. discussed in more detail in Chapter II, 
"Fonnulaticn'', and in Chapter IV, "Cbjective Function". 
As will be discussed further in Chapter VI under the section 
titled '~thod of Establishing Continuity", the :roodel is solved for 
eight-hour periods with various demands which approximate daily demand 
curves. Hutch:ins did a similar analysis. But with linear programming, 
each eight-hour period nnJSt be considered in~pendently. However, 
with a fixed charge fonnulation, it is possible to establish conti-
nuity between the eight-hour periods. This consideration allows 
·equipment which was off in the optimal solution of the previous eight-
hour period to remain· off unless · it is judged optimal to tum the 
equipment on. This cmsideration also applies to equipment which was 
on dur~g the optimal solution of the previous eight-hour period. 
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This equipment will remain on mless tu~g it off is judged optimal. 
Basically, this method of establishing continuity is accomplished by 
sett:ing "q:(f'' equipment setup costs to their appropriate positive 
levels whi~e sett~g "on" equipment setup costs to zero. Thus a fixed 
charge fonnulation instead of a linear progr~g fo:mrulation pennits 
a more accurate and more realistic treatment of the system. 
The following is a set of infonnation which a solution for a 
given set of demands to a fixed charge model of a total energy system 
will provide: 
1. The on/off status for each piece of equipment. 
2. The rate of operation for each piece of machinery. 
3. Required annunts of different types of fuel for the system. 
4. A preferred path of flow through the system for each type of 
energy. 
One major disadvantage to fixed charge fo:rDU.llation concerns 
the time-consuming, costly, exact computer methods associated with 
this · type of model~g. Further discussion an this topic and recom-
mendations for possible future research in this area are covered in 
Chapter I I, '·~thods of Solutl.on'', as well as . in Chapter VI , ''Sununary 
of Results'·', and in Olapter VII, "Conclusions 'and RecoiiUOOndations". 
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GIAPI'ER II 
FIXF.D CHARGE PROBLEM3--A LITERATURE SURVEY 
There is no generally effective a;tgorithm for solving linear 
integer progranuning problems. However, a great deal of research has 
been done and quite a bit of success experienced in identifying and 
exploiting certaii1 problem structures of important special cases of 
linear int~ger programs." One class of linear integer programs which 
has received an ,exceptional amount of attention is the class lmown as 
fixed charge problems [ 7 ] • 
Since the early 1950's fixed charg~ problems have been 
receiving an increasing amount of attention since many problems 
encountered in industry and government require assessing setup costs 
or similar initial costs or investments before optimal economic 
decisions can be made [ 7 ] . 
A special class of fixed charge problems, known as fixed 
charge network problems, involves finding the "least cost circulation 
of a single commodity through a directed network" [ 7 ] • Fixed charge 
network problems have a structure which is computatimally simplified 
from the fonmllation of general fixed charge problems. 
Even further simplification in structure· and canputation is 
found in a special class of fixed charge network problems known simply 
as warehouse or facilities location problems [ 7 ] • In the case of 
this paper, an extension of this class is named energy resource 
allocation -problems. 
Fonm.1lation 
The general fonnulation of the class of fixed charge network 




1: 1: C.. ~. + 
i=l j=l 1 J J 
m 
I: f. Y. 





1J < si yi i=l, ... ,m 
m 
I: Y.. > d. 
i=l ·~J - J 
Xj_j > 0 
y. = 0 or 1 
1 · 
j=l, ... ,n 
i=l, ... ,m; j=l, ... ,n 
i=l, ... ,m 
plus any other constraints peculiar to the 
specific system. 
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Where: Si - corresponds to the maximum available supply at source i. 
· dj - corresponds to the demands at each demand point j . 
f. - The fixed charge incurred in constructing or opening 
J 
the source i. 
Y - indicates whether source i is built or not . 
i 
c .. - corresponds to the per unit cost of the commodity 
~J 
transferred from source i to demand point j . 
~j - correspondS to the amount (may be a real value) of the 
commodity transferred from soilrce i to demand point j. 
m -. The number of supply po:ints . 
n - The number of demand points. 
n 
The equation: E Y.. < S· y. 
j=l '"~J - 1 1 
i=l, ... ,m 
n 
ensures that Y i = 1 rather than zero whenever r 
j=l 
X .. is positive. 
1J 
The apparent diffimlty of leaving Yi free to be either 0 or 1 when 
n 
r Xi. = 0 is solved by the very nat~e of the objective ftnctian. 
j=l J . . 
n 
When both E X
1
. . = 0 and Y. = 0 there is no difficulty. But when 
j=l J 1 
n 
r Xj_j = 0, if Yi > 0 then the setup cost would have to be consid-
j=l 
ered in the objective function, and this would not yield optimal 
n 
results. Therefore, when . r XiJ. = 0 i=l, •.. ,m then Yi will also 
J=l 
equal 0 [ 8]. 
Methods of Solution 
11 
Research into methods of solviD.g fixed charge problems .fall 
into one of two categories and can be classified "according to whether 
the procedures yield approximate or exact optimal solutions" [ 7]. 
12 
Heuristic ~thods 
Heuristic methods yield only approximate solutions • However, 
D. I. Steihbe.rg [ 9] computer tested several self-developed heuristic 
al.gori thrns against an exact method and discovered that one of the 
approximate methods generally yielded answers within 3% of the optimal 
solution. Various other heuristic rethods have been develoned .. 
[ 10, 11, 12, .13, 14 ,. 15] • Whybark and Khumawala [ 16] give accounts of 
all of these heuristic methods. The methods referenced are all 
involved in solving problems of facility location models. 
Exact Methods 
Several variations of branch-and-bound algorithms exist which 
lead to exact solutions of facility location models. .Among these 
teclmiques are those of Effroymsan and Ray fl1j, Spielberg [18], and 
Khuma.wala [19]. Also, several decanposition algorithms exist, such 
as that of Ellwein [20] and Bulfin and Unger [21]. The Bulfin and 
ll:nger teclmique has found . solutions for problems with as many as . 50 
integer variables in a few seconds of conputer time. 
The future usefulness of these sources of various tec-lu'Liques 
l4Till become apparent in Chapter VII, "Conclusions and Recoanenda.tions". 
Applications 
Most applications of the facility or warehouse location models 
have been aimed at location analysis of factories, warehouses, and 
service facilities. Service facility location analysis has included 
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such diverse topics as solid waste collect~g systems [ 22,23 ] , 
clinics for treat~g Chronic diseases [24], and switching centers in 
communications ne.tworks [25]. 
It is the purpose of this research to show, thro:ugh the use · 
of a case study, how any central energy plant or total energy power 
plant can be modeled according to the fo~lation of facility loca-
tion models. As was mentioned under the section, "Fonnulation", in 
this chapter, there will be constraints peculiar to the particular 
system which must be added to the general facility location model 
before it can become an Energy Resource Allocation Model. 
14 
CHAPI'ER I I I 
CASE STUDY OF A TOfAL ENERGY POWER PLANT 
General System Description 
The power system investigated in this case study is a total 
energy system consisting of jet engine turbine powered electric gene-
rators, boilers, centrifugal chillers, and absorpticn chillers. There 
are nrultiple raw energy sources, multiple energy conversion equipment, 
and DUll tiple energy demands. A diagram of the case study total energy 
power plant is shown in Figure 1. Each piece of equipment is repre-
sented by a block. Energy paths through the network are represented 
by directional lines. These energy paths might be wires or pipes 
in the actual system . 
.Among the raw energy sources are: 
1. Electricity which may be purchased directly from a utility 
corporation. 
2 • Natural gas. 
3. Fuel oil. 
However, within the last few years, natural gas has been obtainable 
for only a total of a few days per year. Therefore, for purposes of 




















































































































































































































































































There are three system demands: electricity, chilled water, 
and high temperature hot water. These energy demands are supplied as 
follows: --
1. Electricity 
a) Purdhased .from a utility company and/or 
b) Produced by either or both of two jet turbine powered genera-
. tors whiCh operate m fuel oil. 
2. Olilled l~ater 
a) Produced by any or all of .six centrifugal chillers whiCh 
operate an electricity and/or 
b) Produced by either or .both of two absorption chillers which 
run en heated water produced by either or both of two boilers. 
3. High Temperature Hot Water 
a) Produced by boilers fueled by· fuel oil (boiler overfire) 
and/or waste heat from the turbin~s-generators. 
Because fixed charge network problems demand consideration 
. of only one conunodity traveling through a system, energy in this system 
will always be referred to in lmits of a millim British Thennal Units 
per hour, or, ~BTU/hrl. 
Equipment capacities and demands for electricity, which are 
nonnally exp~ssed in kilowatts or megawatts have been converted into 
·the ~BW/hr tm.i ts. Refrigeration . capacity, whiCh is nonnally .. .. . 
expre·ssed in tons/hr have also been converted to the M2BW/hr units. 
lrhe notatim, M2Bru, was chosen to represent a Million 
Bti tish The nnW. Un.i ts, with M being the Roman ntmteral for 1000. 
~ represents one million. 
Thus, 
17" . 
Likewise,- fuel oil energy content which is normally associated with 
wits of BTU/gallcn, are expressed :in the M2B1U/hr wits. Unit costs 
ate expressed in dollars/M2BTU. 
'Equipment 'Efficiencies 
The case study power set which converts fuel oil to electri-
city consists of two jet eng:ine turbines each coupled with an electric 
generator. Figure 2 is similar to the graph of ''load in % of full 
load" versus "thennal efficiency to generator tenn:inal.s" in Diamant's 
Total Energy [1]. However, the case study jet turbines were not 
usually nm m nat-m-al gas, but were run mainly on fuel oil which 
reduces turb:ine efficiency by a few percent. Generators operate at 
an efficiency of approximately 80%. 
Operatims persOimel at the case study power plant stated 
· that a turbine, if used, nrust be fueled to at least 60% of its maximum 
capacity in order to maintain operaticm.. This requirement 'ensures 
the stable operation of both the turbine and its associated generator. 
If the turbine load was allowed to fall below 60% of the turb:ine' s 
maxinrum capacity, the turbine would ''wind down'' • That is , the nUIIIDer 
of rpm's would be reduced below an effective level of operation and 
erratic turbine operation would result. 
Operations personnel also stated . that the efficiency of the 
power set, i.e. , the combination of the jet turbine engine ·and ·its 













Load in % of Full Load 
Figure 2. Perf~nnance data of an open cycl~ gas turbine 
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at 60% of its maximum capacity. The maxinn.un efficiency of the power 
set, 29%, results when the turbine is fueled in the range between 
85%-100~ Qf. the ~capacity. 
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After considering all available info11Ilation about the jet 
turbine powered generator power sets, Figure 3 was drawn to approximate 
actual operations. This "effective performance curve" in Figure 3 
will be further modified in Olapter IV to facilitate fixed charge 
modeling. 
Waste heat from the turbine-generator power set is transferred 
to the two boilers which may or may not be running on boiler overfire 
(burning fuel oil) simultaneously. Waste heat from the turbine-
generator varies fran 71%-80% of the turbine load depending on the 
associated efficiency for a specific load. ~ When running with fuel 
oil, the boilers are approximately 70% efficient. 'When the boilers 
are running with waste heat from the turbine-generator, energy conver-
sion is only about 65% efficient. When running on fuel oil and waste 
heat simultaneously, the model (For further discussion, see iliapter 
IV, "Solution to Diffia11 ties In M:>deling This Sys tern".) considers 
separate states--one for overfire efficiency, and one for waste heat 
operation efficiency. The hot water piping to and from the two boilers 
are intercormected such that if a boiler is turned off, all of the hot 
water built up inside of it will cool off. Therefore, turning off a 
boiler wastes heat energy. 
Each of the six centrifugal chillers operates at a fairly 
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Figure 3. Effective Perfonnance Curves of Case Study Jet 
Turbine - Electric Generator Power Set With Turbine 
Operating on Fuel Oil 
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Both of the two absorption chillers operate at a fairly constant 
rate of 62% efficiency regardless of the percentage load~ 
21 
Unlike a turbine-generator which, if used, DUJS·t · be fueled 
with at least 60% of its maximum fuel load capacity to maintain opera-
tion, the centrifugal chillers and the absorption chillers may be 
fueled at any percent of their maxinn.m capacities. This allows the 
chillers to be nm with .very low loads to be kept available for 
full-scale operation in case of a sudden rise in chilled water demand. 
During down times, low temperature water is circulated through the 
chillers to keep them available for relatively fast starts. This 
process helps reduce s~tup costs, discussed in· Chapter IV, "Setup 
Costs", for these two types of equipment. 
Sys tern Demands 
System demands typically follow certain demand curves which 
vary slightly from day to day but drastically from season to season. 
System demand curves for the various energy types for a representative 
summer day have been approximated in Figure 4. System demand curves 
for the various ene.rgy types for a typical winter day have been 
approximated in Figure 5 . 
100 
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Figure 5. ~nter Day Energy Rate Demands for 
Electricity and Chilled Water 
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Figure 5 Cont. Winter· ~y EMqy Rate. 




FIXED mARGE MJDEL OF CASE S1lJDY SYS'IEM 
Solutions To Difficulties In MOdeling This System 
Modeling most of the equipment and the energy paths :in the 
system was fairly straight-fotward. However, certain problems did 
arise concerning the cont:inuous function of thennal efficiency versus 
load as a percentage of full load required to describe the operator 
of jet turbines. In order to model the turbines as realistically as 
possible, the effective perfonnance curve of the jet turbines shCMil 
. 
in Figure 3 was initially approximated through the use of ten stair-
step states as shown :in Figure 6. However, although this accuracy 
of ten states is desirable, bec~e o~ computer core limitations, the 
approximation was for~d to utilize only 2 stairstep states as shown 
in Figure 7. 
Modeling the turbine-generators with ten states resulted :in 
a total of 32 integer variables. The computer program used (see 
Chapter V) to solve the fixed charge model of this system requires 
large amounts of core storage, :in the fonn of arrays (see program 
.listing, Appendix A, for array named SAVf.AB), for a working area. 
The amotmt o£ core storage needed is a function of the number of the 
:integer variables and the real variables used to describe the system. 
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Figure 7. 2 States Approximation of the Effective 
Perfor.mance Curve of the Case Study Turbine-Generator 
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bytes of core would be required. Us~g two turbine-generator states 
results in a total of sixteen in~eger variables to describe the 
systan. With_ !_wo ·states, the program requires 520K bytes of core 
storage. 
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The effect of these stairstep states on the fixed charg~ model 
is the use of two in~eger variables to describe one turbine-generator, 
i.e., one integer variable per state. Thus, if neither state is on, 
then the turbin~-generator is off. If the turbin~-generator is on, 
one and only one of the states may be on. When either of the states 
is on (the integer value for that state has a value of 1), then the 
turbine-generator is be~g run at the efficiency represented by that 
state and the load of the turb:in~-generator is within the range of the 
percentage load represented by that state. 
Table 1 exhibits the two efficiency states along with the 
corresponding range of load as a percen~age of full load, the accept-
able range of input fuel load in M2Bru/hr, and range of electrical 
output in M2Bru/hr. The figures repsenting input load are based on 
a maxtmum capacity for each turbine-generator of 122.4 M2BTU/hr. 
This maxtmum capacity figure is based on the following data 
supplied by operating personnel -- at 60% load, the turbine-generator 
is fed fuel oil at 9 gallons/minute; at 100% load, the turbine-genera-
tor is fed fuel oil at 15 gallons/minute. Therefore: 
1 gallon of fuel .oil = 136,000 BTU 
15 gallons/minute = 90~ gallons/hour 

























































































































































.Another problem encountered in modelling the system arose in 
connection with the fact that the boilers may be fed fuel oil and 
waste heat s~ltaneously. This situation was treated by using two 
states to represent one boiler. The first state for each boiler re-
presents the waste-heat-run portion, while the second state represents 
the fuel-oil-nm portion. Alth~gh a boiler is not actually separated 
into sections with one section running on waste heat and the other 
section running on fuel oil, this method of modelling present~ no 
discrepancies with reality since maximum capacities and efficiencies 
for boiler over-fire and for waste heat exist separately. 
It should also be mentioned that the figure for maximum 
capacity given for the six centrifugal chillers was presented in a 
lump sum rather than for each individual chiller. This situation was 
also enconntered with the absorption chillers. The maximum capacity 
figures for both of these two types of equipment were simply divided 
by their respective number of members. 
Table 2 exhibits maximum capacity figures for all pieces of 
equipment excluding the turbine-generators which have already been 
discussed in Table 1. 
The final problem encountered in modelling involved limiting 
the number of real variables, i.e., those variables representing 
energy paths. As was mentioned in the fonmlation of the fixed 
charge facility location problem in Chapter II, real variables are 
assigned to every path existing between a source and every correspand-
~g demand. As is shown in Figure 8, attempting to meet this 
31 
TABLE 2 
MAXIMlN EQUIH-fENT CAPACITIES 
PIECE OF . MAXIMlM EFFICIENCY MAXIMUM 




with waste heat 31.5 65 20.5 
with overfire 99.3 70 69.5 
Total 30.8 90.0 
CentrifUgal Chiller 29.33 75 22.0 




























































































































































requirement, for example, with the turbin~-generators as sources and 
the chillers as demand points, in a nonnal way involves an exorbitant 
number of real variables and of constraints. 
In order _to eliminate this problem, dummy electrical busses 
for electricity and dummy sto~age tanks for hot water were "installed" 
at strategic points in the system. These are better identified in 
~igure 9 which exhibits the system· as it is rodeled. These dummy 
electrical busses and storage tanks, however, are not at all unrealis-
tic. 
The dummy electrical busses and the dunmy storage tanks will 
not be represented by integer variables or by real variables. As 
will be better explained later in this Chapter rmder ''Constraints,'' 
constraints which exemplify the first law of thenoodynamics, i.e., the 
total energy input into a system must always equal the total energy 
output of that system, eliminate the ·need for any one variable to 
represent any of the dummy storage tanks or dummy electrical busses. 
However, they will be tagged with numbers which will aid in model 
fonnulation as is explained in the next section, titled, Variable 
Definitions. 
Variable Definitions 
As was previously stated in "Fonnulation" in Chapter II, 
integer variables are expressed as Y i.'s where i = 1, ... ,m. In this 
case study, m represents the number of pieces of equipnent. Since 






























































































































































































































states created for modell~g purposes for the turbin~-generators and 
the boilers, then i = 1, ••. ,16. ~igure 10 exhibits the equipment 
numbered as mel)tioned. 
Notice in Figure 10, also, that although the two raw energy 
sources of electricity and fuel oil; the three energy danand!; for 
electricity, chilled water, and hot water; and the ntunerous durrmy 
electrical busses, and dtmmy storage tanks are not represented by 
integer variables, they are nevertheless, tagged with numbers. This 
numbering system will aid in explaining the various real-valued 
variables. 
The follo~g explaination in conjunction with Figure 10 1 
describes the integer variables: 
Y1 - 20% efficiency state of turbine-gererator 1 
Y 2 - 28% efficiency state of turbine-generator 1 
Y3_ - 20% efficiency state of turbine-generator 2 
Y4 - 28% efficiency state of turbine-generator 2 
Y5 boiler 1 run with waste heat 
Y6 - boiler 1 run with fuel oil 
Y7. - boiler 2 run with waste heat 
Y - boiler 2 run with fuel oil 8-
y -g. centri~gal chiller 1 
Y1o- c~ntrifugal chiller 2 
yll- centrifugal chiller 3 
Y12- centri~gal chiller 4 



































































































































































































































































































































































































































































Y14 - cent~i~al Chiller 6 
Y1s - absorption chiller 1 
Yl6 - absorption chiller 2 
~ 
The real-valued variables, which represent energy flows, are 
expressed as Xi ,j . In this case study, the i represents the m.unber 
tagged on the en~rgy source, and the j represents the munber t:agged 
on the energy demand point. For example, using Figure 10, _x1,19 re-
presents the energy flow from the 20% efficiency state of turbine 1 
. (tagged as 1) to centrifugal chiller 1 (tagged as 19). 
For further clarity the following definitions of real-valued 
variables are presented in classifications accord~g to the type of 
energy each represents. 
Electricity 
xl7,27 - purchased from utility corporation to directly 
supply the electrical demand 
37 
xl7 21 - purchased from utility corporation and transmitted 
' 
to dummy electrical bus (21) before transference 
to centrifugal chillers 
xi,l9 - where i = 1, •.. ,4- produced by turbine-generator 
state (i) and transmitted to the dummy electricity 
bus (19) 
x19,27 - transmitted from dummy bus (19) to electricity 
demand 
x19,21 - transmitted from dummy bus (19) to dummy bus (21) 
x21 ,j where j = 9, ••• ,14 - transmitted from dlDIIIly 
electrical bus (21) to centrifugal chiller (j) 
Chilled Water 
38 
Xi,25 - where i = 9, ••. ,14- piped from centrifugal chiller 
(j) to dummy storage tank (25) 
x25 , 28 - piped from dummy sto~age tank (25) to chilled water 
demand 
Xf, 26 - where i = 15,16 - piped from absorption chiller 
(i) to dummy sto~age tank (26) 
X26, 28 - piped fran dummy storage tank (26) to chilled water 
demand (28) 
Fuel Oil 
X18, j - where j = 1, •.• , 4 -: piped fran raw fuel oil source 
to turbine-generator (j) 
XlS,j where j = 6,8 - piped from raw fuel oil source to 
boiler state (j) 
Waste Heat 
Xf, 20 - where i = 1, ••• ,4- piped from turbine-generator 
state (i) to dummy storage tank (20) 
x20 ,j - where j = 5, 7 - piped from dtmllll)' storage tank (20) 
to boiler state (j) 
High Temperature Hbt Water 
xi,22 - where i = 5,7 - piped from waste-heat-run boiler 
state (i) to dummy sto~age tank (22) 
Xf,23 - where i = 6,8 - piped from fuel-oil-run boiler 
state (i) to dummy storage tank (23) 
39 
X22,24 - piped fran dUIJIJlY sto~age tank (22) to dummy storage 
tank (24) 
X22, 29 - piped fran dunmy storage tank (22) to ~gh tanpera-
ture hot water demand (29) 
x23,24 - piped from dummy storage tank (23) to dummy 
storage tank (24) 
x23 , 29 - piped from dummy storage tank (23) to high tempera-
ture hot water demand (29) 
x24 ,j - where j = 15,16 - piped from dtmmy storage tank 
(24) to absorption Chiller (j) 
Constraint Definitions 
In addition to the notation already described concerning the 
presentation of the integer arid real variables, the following 
additional notation will be used in presenting the system constraints: 
Di demand at demand point i 
PLL. . percentage of load--lower bound--at point i 
1 
·PLUi percen~age of load--upper bound--at point i 
PEi percentage of efficiency at point i 
MILi max:iJm..un intake load at point i 
The values of PLLi, PLUi, PEi, and MILi are constant in tl_le system 
for each point i. However, they are ~ressed in the system con-
straints initial-ly as these acronyms in order to clarify the origins 
of constraint coefficients. Di will vary according to the point in 
time examined, according to the danand curves investigated. System 
constraint coefficients ~11 be expressed as constants later in this 
section ~der a final presentation of the system constraints. 
40 
Reference to Figure 10 will aid in clarifying the constraint 
definitions. The word "amount" in the following discussion of system 
constraints refers to the single commodity--energy in M2BTU/hr--which 
is transmitted through the system. The system constraints are as 
follows: 
1 · xl7,27 + xl9,27 ~ D27 
This constraint guarantees that the canbination of the two 
sources of electricity, i.e., el~tricity purchased from the 
utility corporation and that which is produced by the turbine-
generators, produces an amount in M2B1U/hr which must equal 
or exceed the demand for electricity. 
2· [(Xl,l9 + X2,19) + CX3,19). + X4,19)] - (Xl-9,27 + Xl9,21) = O 
This constraint guarantees that all of the electricity 
produced by the turbine-generators and transmitted to dunmy 
electrical bus (19), leaves dummy electrical bus (19). In 
other words, this constraint ensures the occurrence in the 
41 
model which is consistent with the first law of thennodynamics, 
i.e., the total energy input into a system must always equal 
the ~o~a_l energy output. This type of constraint is used 
throughout the model to account for input en~rgy and output 
energy at every point or logical group of points. in the system. 
This constraint ensures that the amount of electricity 
produced by turbine-generator state (1) is less than or eqUal 
the maxinrum amount which can be produced by this state. The 
fonnula: MIL1 * PLU1 * PE1 cClllputes this maximum amount 
possible at this state. In this constraint, the first integer 
var~able is encountered. Notice that if~ turbine-generator 
state (1) is off, i.e., yl = ~' then xl,l9 ~ 0. The last 
constraint in this set of system constraints also guarantees 
that all X' s are greater than or equal to zero. Therefore, 
when Y1 = 0, x1, 19 = 0. If Y1 = 1, then constraint 3 is 
interpreted accordingly. In whatever constraint the integer 
variables Yi. appear, a similar interpretation may be asSlUIIIled. 
Constraint 4 forces the amount of fuel oil input to turbine-
.. 
generator state (1) to equal or exceed the amount necessary to 
sustain state (1) operation. .Again, the value of X1s ,1 is 
dependent upon the value of Y1 . In realistic tenns, if 
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turbin~-generator state (1) is off, then fuel oil is not piped 
to turbin~-generator state (1). However, if turbin~-generator 
state (1} is on, then constraint 4 is interpreted accordingly. 
If turbin~-generator state (1) ~son, i.e., Y1 = 1 then 
~onstraint 5 guarantees that the amoWlt of fuel oil piped to 
turbin~-generator state (1) does not exceed the maximum 
amount capable of being processed at this point. If this state 
is off, i.e., Y1. = 0, then X18,l = 0. 
6. x2,19 ~MILz * PLU2 * PE2 * Y2 
If turbine state (2) is on, i.e., Yz = 1~ then this constraint 
is s:imilar in purpose to constraint 3. It ensures that the 
amount of electricity produced by turbine-generator state (2) 
is less than or equal the maximum amotmt producible. If this 
state is off, i.e., Y2. = 0, then X2,19 = 0. 
If turbine state (2) is on then constraint 7 forces the 
amount of fuel oil piped to turbine-generator; (2) to equal or 
I 
exceed the amotmt necessary to sustain state (2) operation. 
If the state is off, then X1s 2 = 0. 
' 
8. x18 , 2 ~ PLU2 * MIL2 * Y2. 
If turbin~-generator state (2) is on then this constraint 
guarantees, that the amount of fuel oil piped to turbine-
. gene~atpr. state (2) does not exceed the maximum processable 
amount. If the state is off, then x18 ,2 = 0. 
9. CPE1 * X1s,1 + PE2 * X1s,2J - cxl,l9 + x2,19J = 0 
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This is another constraint of the fonn mentioned in the 
discussion about constraint 2 which guarantees that the energy 
input to turbine-generator states (1) or (2) is output by these 
states. However, this constraint does not oversee the input 
and output of the total energy into these two states. It only 
directs that the portion of fuel oil piped into states (1) or 
(2) (remember only one of these two states can be on at a 
time) which is processed by ~he effective efficiency of that 
state, and which will leave that state as electricity. The 
remaining output ene_rgy is governed by constraints 50, and 51. 
Constraints 50 and 51 oversee that the outpilt of waste heat 
fran the turbine stat~s is equal to (1-PEi) * output. 
10. Y1_ + Y2. ~ 1 
This constraint ensures that only one of the turbine-generator 
states (1) and (2)(Which represent different efficiency states 
of 1 turbine) may be on at a time. Since all Yi's are integer 
and as constraint 57 will show, are bound to be either O, or 
1,. then, if both states were on, the equation: 
' 
Y1 ~ Y2 = 1 + 1 ~ 2 Which is g~eater ~ 1 and·is therefore 
infeasible • Therefore, either: 
1. State (1) is on; state (2) is off 
2. # State (2) is on; state (1) is off 
3. State (1) is off; state (2) is off 
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If turbine state (3) is on, i.e., Y3. = 1, then this constraint 
ensures that turbin~-generator state (3), if on, will produce 
an amoWlt of electricity consistent with the above equation. 
If turbine-generator state (3) is off, then no electricity will 
be produced. If the state is off, i.e., Y3 = 0, then X3,19 
= 0. 
If turbin~-generator state (3) is on, then this constraint 
guarantees that the amount of fuel oil piped to turbine state 
(3) is sufficient to maintain state (3) operation. If the 
state is off, then xl8,3 = 0. 
If turbin~-generator state (3) is on, then constraint 13 en-
sures that the amoWlt of fuel oil piped to turbine-generator 
state (3) is less than or equal to the max~ processable 
amount at that state. If the state is off, then X1s,3 = 0. 
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If turbin~-generator state (4) is on, then constraint 14 en-
sures· that turbine-generator state (4), will produce an amowtt 
of electricity less than.or equal to the max~ producible 
amount detennined by the above equation. If the state is off, 
then x4,19 = o. 
1s. x18 ,4 ~ PLL4 A MIL4 
A Y4 
If turbine-generator state (4) is on, then constraint 15 en-
sures that the moount of fuel oil piped to turbine-generator 
state (4) equals or exceeds t~ amount necessary to sustain 
operation of state (4). If the state is off, then x1 ~, 4 = o. 
16. x18 , 4 ~PLu4 A MIL4 * Y4 
If turbine-generator state (4) is on, then this const raint 
guarantees that the amount o~ fuel oil piped to turbin~-genera­
tor state (4) does not exceed the max~ processable amount 
stipulated in the above equation. If the state is off, then 
X1s,4 = 0• 
17 · CPE3 * xl8,3 + PE4 * xl8,4) - CX3,I9 + x4,19) = 0 
This constraint, similar in purpose to ~t of constr1int 9, 
enforces the amount of electricity produced by the "e(clusive 
or" combination of turbine-generator s~ates (3) and ( ~) 
to be equal to the amount of en~rgy resulting from the 
effective efficiencies of states (3) and (4) operating on 
their !e~ective fuel oil inputs. 
This constraint guarantees that only one of the states, (3) 
or (4), for this second turbin~-generator, may be on at one 
time. 
19· X25,2s + x26,28 ~D2s 
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Constraint 19 ensures that the demand for chilled water at 
demand point (28) will be equalled or exceeded by the combined 
amounts of the chilled water produced initially by the six 
centrifugal chillers and the ~o absorption chillers and 
transmitted to .the demand point from the two dummy storage 
tanks (25) and (26). 
20 · CXg,25 + X1o,25 + xl1,25 + l:t.2,2.5 + xl3,25 + x14,25) - X2s,2s = 0 
This constraint enforces the amount of chilled water output 
from dl.lJJDJlY storage tank (25) to be equal to the amormt 
produced by the six centri~gal chillers and input to the 
dummy storage tank (25). 
where i = 9, ... ,14 
These six constraints are identical in purpose. And that is: 
27-32. 
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if chiller (i) is on, then the SIOOunt of chilled water produced 
by centri~gal chiller (i) must hot exceed the amount dictated 
by th~ r~~t of the chiller's efficiency of operating on the 
max~ processable amount of electricity. If chiller (i) is 
off, then xi,25 = o. 
PE· * x21 · - X· 25 = 0 1 ,1 1, where i = 9, ... ,14 
These equations guarantee that the amount in M2BTIJ/hr of 
electricity input to centri~gal chiller (i) and transformed 
according to the chiller's efficiency equals the amount in 
M2BTU/hr of chilled water produced by chiller (i). 
33 · cx11,21 + Xl9,21) - ~x21,9 + x21,1o + x21,11 ~ X21,12 + }21,13 
+ Xzl,l4) = 0 
This constraint ensures that the total amount of electricity 
input to dummy electrical bus (21) (from the turbine-generator 
and from the utility corporation) is output from this bus. 
This is another example of enforcing the first law of thennody-
namics in the model. 
Constraint 34 ensures that chilled water .input to dummy storage 
tank- (26) . from the two absorpti?.n chillers is equal to the · 
output from the storage tank (26) to the chilled water demand. 
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This constraint ensures that the amount of chilled water, in 
M2BTU/hr·, -output fran chiller (15) does not exceed the maximwn 
producible amount stipulated for absorption chiller (15) if 
that chiller is on, i.e., Y15 = 1. If chiller (15) is off, 
then xl5,26 = 0. 
If absorption chiller (16) is on, i.e., Y16 = 1, then this 
constraint guarantees that the amount of chilled water, in 
M2BTU/hr, output does not exceed the maximwn producible 
amount stipulated for chiller (16). If chiller (16) is off, 
then xl6 26 = 0. 
' 
37. PE1s * X24,1s - x1s,26 = 0• 
This constraint guarantees that the amount, in M2BTU/hr, of 
chilled water produced by absorption chiller (15) equals the 
amount, in M2BTIJ/hr, of electricity input to the chiller and 
transformed according to the chiller's efficiency. 
38 · PE16 * X24 16 - X16 26 = O 
' ' 
Constraint 38 guarantees that the amount, in M2BTU/hr, of 
chilled water produced by absorption chiller (16) equals the 
amount, in M2BTU/hr, of elect~icity input to the chiller and 
transformed according to the chiller's efficiency. 
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39. CX22, 24 + X23, 24) - CX24 ,1s + x24,16) =. 9 
This is another constraint which enforces the first law of 
thennodyriciiilics in the model. It ensures that the Bmount of 
hot water piped into dummy storage tank (24) from dummy 
storage tank (22) and dummy storage tank (23) is equal to the 
amount of hot water piped out of tank (24) and into the two 
absorption chillers (lS) and (16). 
40. Xs,zz ~PEs *MILs * Ys. 
If boiler (S) is on, i.e., Ys. = 1, then the amount of hot 
water it produces is forced by this constraint to not exceed 
the max:imum producible amount specified by PEs * MILs. If the 
boiler is off, 1.e., Ys = 0, then Xs,22 = 0. 
If boiler (6) is on, then this constraint forces the amount 
of hot water produced to not exceed the max:imum producible 
amount. If boiler (6) is off, then X6,23 = 0. 
If boiler (7) is on then this constraint forces the amount 
of hot water produced to not exceed .the rnax:imum producible 
amount. If boiler (7) is off, then X7,22 = 0. 
43. Xs, 23 ~PEs *MILs * Ys. 
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If boiler (8) is on, then the amount, of hot water it 
produces is forced by this constraint to be less than or equal 
the maxinrum. producible amount . 
... .. -. 
44. CXs,22 .+ X7,22) - CX22,24 + X22,29l = 0 
This constraint is another example of enforcing the first law 
of thennodynamics. This constraint ensures that all of the 
hot water piped from the two boiler states (5) and (7) :into 
the dummy storage tank (22), is piped out of tank (22) into 
dummy storage tank (24) and/or to the high temperature hot 
water demand point. 
4S. X22, 29 + Xz3, 29 ~ D29 
.This constraint guarantees th~t the supply of high temperature 
hot water from the two dummy storage tanks (22) and (23) ImlSt 
equal or exceed the demand for hot water at demand point (29). 
46. PEs * Xzo,s - Xs,22 = o 
This constraint guarantees that the amount, in M2Bm/hr, of 
hot water produced by boiler (5) equals the amount, in M2BW/hr 
of waste heat input into boiler (5) and transformed according 
to the specified boiler efficiency. 
47. PE6 * X1s,6 - X6,23 = 0 
This constraint guarantees that the amount, in M2B1U/hr, of 
hot water produced by boiler (6} equals the amo1.mt, in 
M2BTU/hr of fuel oil piped into boiler (6) after being 
operated on according to the boiler (6) efficiency. 
4 s • PE7 "' x2 a·' 7 -.:- x7 ' 2 2 = o 
This constraint guarantees that the amount, in M2BTIJ/hr, of 
hot water produced by boiler (7) equals the amount, in 
M2BTU/hr of waste heat input to boiler (7) after being ope-
rated upon according to the efficiency of boiler (7). 
49. PES "' Xl8,8 - X8,23 = 0 
This constraint guarantees that the amount, in M2B1U/hr, of 
hot water produced by .boiler (8) equals the amount, in 
M2BTU/hr resulting from the operation of boiler (8), accord-
ing to its efficiency, upon the fUel oil ~ piped into it. 
so. (1 - PEl) * xls,l - xl,zo = o 
This constraint accounts for the waste heat produced by 
the operation of turbine.-generator state (1) to produce 
electricity. For further clarification, PE1 is the 
efficiency of turbine-generator state (1) for producing 
electricity. Therefore, (1 - PE1) is the efficiency of 
turbine-generator state (1) for producing waste heat. 
This constraint, then, says that the percentage of 
fuel oil entering turbine-generator state (1) Which 
carmot be transfonned :into electricity, must leave the 
turbine-generator as waste heat. 
51 
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51. (1 - PE2) * x18 , 2 - x2, 20 = o 
This constraint forces that percentage of fuel oil energy 
--
(1 - PE2) * X18 2) entering turbine-generator state (2) which 
' 
is not converted into electrical ene_rgy to be equal to the 
amount, in M2BTIJ/hr, of waste heat energy output from 
turbine-generator state (2). 
This constraint forces that percentage of fuel oil energy 
(1 - PE3) * x18 ,3 entering turbine-generator state (3) which 
is not converted into electrical energy, to be equal to the 
amount, in M2BTU/hr, of waste heat energy output from 
turbine-generator state (3). 
This constraint forces that percen~ge of fuel oil energy 
((1 - PE4) * X1s,4) entering turbine-generator state (4) which 
is not converted into electrical energy, to be equal to the 
amount of waste heat en~rgy output from turbine-generator 
state (4). 
54. [(X1,2o + x2,2oJ + CX3,20 + x4,2o)l - CX2o,s + X2o,7) = 0 
This constraint enforces the first law of thennodynamics at 
chmmy storage tank (20). It. guarantees that all waste heat 
input to tank (20) will also be output. 
55 • C~, 23 + Xs-, 23}- - CX23, 24 + X23, 29) = 0 
This constraint enforces the first law of thennodynamics at 
chmmy storage tank (23) • It: guarantees that all hot water 
piped from boilers (6) and (8) into tank (23) will be output 
from (23) and piped to either dummy storage tank (24) or the 
high temperature hot water demand point (29). 
56. xi,j ~ o 
This constraint simply guarantees that all energy flows must 
be at a positive or zero level. 
57. yi ~ 0 
y. < 1 
1-
Y · is integer 1 . 
where i = 1, ... ,16 
53 
This series of constraints guarantee that for any i = 1, ... ,16 
Yi equals either 0 or 1. In other words, any piece of 
equipment may be either on or off. 
Table 3 smmnarizes the values for PLLi, PLUi, PEi, MILi, and Di for 















































































Substituting the values presented for each significant piece 
of equipment in Table 3 into the system constraints results in the 
following system _o! structural equations for the energy plant: 
1• ~7 ,27 + ~9,27 ~ D 
2• [ (Xl,l9 + ~,19) + (~ ,19 + X4 ,lg)] - (Xl9,27 + X19,21) = 0 
3. x1, 19 ~ (19.6) Y1 
4. x18 ,1 ~ (73.4) Y1 
s. x18 , 1 ~ (97 .a) Y1 
6. x2,19 ~ (_34.3) Y2 
1 • . x18 , 2 ~ c 97 • s) Y 2 
s. x18 , 2 ~ (122.4) Yz 
9. (.20 xl8,1 + •28 x18,z) - cx1,19 + x2,19) = 0 
10. Y1 + Y2 ~ 1 
11. x3 19 ~ (19.6) Y3 . ' 
12. x18 , 3 ~ (.73.4) Y3 
13 . . Xls,3 ~ (97.8) Y3 
14. x
4 19 




,4 ~ (97.8) Y4 
16 . x
18 4 
~ {.12 2 • 4) Y 4 
' 
l7. C· 20 x18,3 + •28 xls,4) - (x3,19 + x4,19) = 0 
18. y3 + y 4 ~ ~ 
·19 · x2s,28 + x26,2s ~ n28 
20 · cx9,2S + x1o,2s + x11,2s + x12,2s + x13,2S + x14,2S) - x2s,2s = 0 
21. x
9 25 
~ (22) Y9 
' 
2 2 · x1 o 2s ~ C 22) Y 1 o 
' 
23 · xll 25 ~ (Z2) Y11 
' 
23. x11,25 ~ (22) Y11 
24. X12,2s ~ (22) Y12 
25 • X13, 25 ~·, C2~l Y 13 
26 • x14,25 - C22) Y14 
27. (.75) Xz1,9 - X9,25 = 0 
28. (. 7~) Xz1,10 - X10 '.25 = O 
29. (.75) X21,11- X11,25 = 0 
30. C- 75) Xz1,12 - x12,2s = 0 
31. (.75) X21,13 - X13,2s = o 
32. (.75) Xzl,14 - X14,2s = o 
33. (X17,21 + XJ9,21) 
-CXz1,9 + Xz1,10 + x21, 11 +. Xz1,12 + Xz1,13 + XZ1,14) 
34. (X1S,26 + X16,26) - X26,28 = 0 
35. x15,Z6 ~ (48) Y1s 
36. x16 ,26 ~ (48) Y16 
37. C- 62) X24,15 - X1s,26 = 0 
38. (.62) Xz4,16 - x16,26 = o 
39. (Xzz,24 + Xz3,z4) - cx24;15 + X24,16) = 0 
'. 
40 • x5, 22 ~ 20 • 5 Y 5 
41. X6,23 ~ 69.5 y6 
42. X7,z2 ~ 20.5 Y7 
· 43. x8,23 ~ 69.5 Yg 
44. CXS,22 + x7,22l - CXzz,24 + Xzz,2g) = o 
45. Xz2,Z9 + Xz3,29 ~ Dzg 
56 
= 0 
46. (.65) Xzo,5 - x5,22 • o 
47. (.70) x18,6 - X6,23. o 
48. c. 65) Xzo , .7 -: -X7 ,22 = o 
49. (.70) X18,8- X8,23 • 0 
so. (.so) x18,1 - x1, 20 = o 
s1. (.72) x18,2 - x2,20 = o 
52. (.so) x18,3 - x3,20 ~ o 
53. (.72) x18,4 - x4,20 = o 
54. [CX1,20 + x2,2o) + CX3,20 + x4,2oll - (Xzo,5 + Xzo,7) = o 
55. (~,23 + Xs,23) - (X23,24 + Xz3,29) = 0 
56. xi,j ~ o 
57. Yi~o 
Y· < 0 l.-
where i = 1, ••• ,29 and j = 1, ••• ,29 
Where i = 1, ••• ,14 
Y· 1 is integer 
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SR 
Cost Coefficient Definition 
Setup Costs 
Although exact figures representing the setup costs, which are 
so Umportant to this model's usefulness, were not available, infor-
mation obtained from operations personnel aided in obtaining estimates 
of these costs. The information leading to these estimates mainly 
concerned lead times involved in starting each equipment type, i.e., 
warm-up times, along with maintenance costs which increase wi~h the 
number of turn-ons. Lead tnne considerations involved both manhours 
and fuel. Setup cost estimates for each equipment type are presented 
in Table 4. 
Unit Costs 
Unit costs which are ~ediately obvious are those which govern 
the purchase of the two raw energy sources, i.e., electricity and fuel 
oil. These costs were initially given in dollars/kw and in dollars/ 
gallon respectively but were converted for purposes of uniformity to 
dollar~2Bru. These figures in units of $/M2BTU appear in Table 5. 
Other unit costs were assigned wherev~r the efficiency of an 
equipment type causes a certain percentage of energy to be wasted. 
These energy-loss costs were assigned in order to differentiate 
between equipment with more efficient operations, and those with less 
efficient, and therefore more costly,operations. 
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TABLE 4 
EQUIPMENT SETUP COSTS 
EQUIPMENT SETIJP 
i 'IYPE COST 
(IN $) 
i-4 Turbine-Generators 5. 
5-8 Boilers so. 
9-14 Centrifugal Chillers 10. 
15,16 Absorption Chillers so. 
60 
There was no energy-loss cost assigned in connection with the 
turbine-generators si~ce the waste heat was not .lost, but was put to 
use in operatil).g the boilers. 
In order to assign the energy-loss cost in connection with 
the centrifugal chillers, a ''present-value operation" had to be per-
formed on the energy lost after the chiller operation. Referring to 
Figure 10, notice that two different ~es of electrical energy are 
input into the centrifugal Chillers, each with a different initial 
cost. Purchased electricity costs $11.52~2BTU, While electricity 
produced by the turbine-generators sustains the value of $3.86~2BTU 
initially paid for the raw fuel oil since no additional energy-loss 
cost has been incurred. Considering the 75% efficiency of the cen-
trifUgal chillers, applying this efficiency to a ~BTU unit of turbine-
generator-produced electricity results in an energy-loss cost of 
$ . 965/M2BTU. Also, this efficiency appli~d to a M2BTU tmi t of pur-
chased electricity results in an ·energy-loss cost of $2.88/M2BTU. 
These two separate energy-loss costs must be applied at a 
point in the model Where a difference between the two types of elec-
tricity are discernible. The two real-valued .variables: ~ 7, 21 , and 
xl9,21 present the perfect spot for the cost application. Therefore, 
the energy-loss costs are added to the unit costs for these two 
·variables. Figure 11 displays the results of these and further tmit 
energy-loss cost calculations presented in Table 5. 
Another area Where energy-loss costs are added concerns the 
boiler operation. The value of both the raw fuel oil input to boilers 





































































































































































TABLE 5 · 
FUEL 
PURCHASE ENER~~LOSS TOTAL 
VARIABLE OOST COOT cosr 
x18,1 $3.86 $3.86 
X1s,2 · $3.86 $3.86 
x18,3 $3.86 $3.86 
X1s,4 $3~86 $3.86 
x1s 6 $3,86 $,3.86 
' 
x18,8 $3.86 $3.86 
X11,21 $11.52 $11.52 
~7,21 $11.52 $2.88 $14.40 
x5,22 $2.98 $2.'08 
X7 22 ·$2.08 $2.08 . ~ 
x6,23 $1.65 $1.65 
Xa,23 $1.65 · $1.65 
Xzz,z4 $2.26 $2.26 
X .23,.24 . $2.09 $2.09 
X·19 ,21 $0.965 $0.965 
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rated as $3.86. However, boiler efficiency when opera~ing with waste 
heat equals 65%. This efficiency results in an energy-loss cost of 
$2.08/M2Bru. Boi~~:r efficiency when operating with fuel oil is 70%. . . ~ . 
This efficiency results in an energy-loss cost of $1.65/M2Bru. 
The final area in the case study model which requires appli-
cation of energy-loss costs concerns the operation of the absorption 
chillers. This area of application is similar to the si tuaticn 
encountered when applying energy-loss costs resulting from centri-
fugal chiller operation :in that there are two distinctive sources of 
hot water, each with different costs. 
Thus, the process of applying the energy-loss costs at the 
absorption chillers parallels the process used in connection with the 
centrifugal chillers. The hot water piped into dummy storage tank 
(22) has a total value of $5 .94MBTIJ~~ This value is computed by 
adding the initial cost of $3.86/M2Bru for the waste heat used in the 
oper~tian of boilers (5) and (7) to the energy-loss cost of $2.08 
computed in coimection with these two boilers. The energy-loss cost 
computed in connection with the abs~rptian chillers ~ with hot water 
supplied by boilers (5) and (7) app~ies the 64% efficiency of chillers 
(15) and (16) to the total value of $5 .94/M2Bru for .the :input hot 
water. The result equals $2.26/M2BTIJ. The actual canputatian is 
·c1 - .62) C$5.94) = $2.26 
The energy-loss cost applied in cmmection with the absorption 
chillers (15) and (16) to the hot water ot?-g:inating at boilers (6) 
and (8) is computed in exactly the same way as the cost computed for 
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the hot water originating at boilers (5) and (7). The total value of 
the hot water piped into dummy storage tank (23) is $5.51. 
Applying the e~f~cjency of the absorption chillers t~ this cost 
results in an energy-loss cost equal to $2109. 
The energy-loss costs al~ng with initial purchase costs are 
enumerated and totalled for each affected variable in the case-study 
model Ln Table 5. 
Objective Function 
The purpose of the objective function is to minimize operational 
costs while simultaneously satisfyi.ng all of the system constraints. 
The general form of the objective function for the case study model, 
where "fi" represents a fixed charge for setting up equiJIIlent (i) and 
where "ci ,j" represents the unit cost. of connnodity 'xij' , is: 
Minimize: Z = f1 y1 + f 2 Y2 + f 3 Y3 + £4 Y4 + £5 Y5 + f 6 Y6 + £7 Y7 
+ fs Ys + £9 Y9 + flo Y1o + fll Y11 + £12 Y1z + fl3 Y13 
+ f14 Y14 + fl5 Y15 + f16 Y16 + cl7,27 X 17,27 + Ci7,21 Xl7,21 
+ c1,19· Xl,19 + c2,19 x2,19 + c3,19 x3,19 + c4,19 x4,19 
+ cl9,27 xl9,27 + cl9,21 xl9,21 + c21,9 Xzi,9 + c21,1o x21,1o 
+ c21,11 X21,11 + C21,12 X21,12 + c21,13 X21,13 
+ Czl,l4 Xzl,l4 + c9., 25 x9,zs + c10,2s X1o,2s 
+ c11,2s x11,2s + c12,2s x12,2s + cl3,2S Xl3,2S + cl4,2S xl4,2S 
+ czs,zs xzs,zs + cl8,1 xl8,1 + c1s,z x1s,2 + cl8,3 xl8,3 
+ cl8,4 x18,4 + c18,6 Xls,6 + c1s,s x1s,s + c1,2o x1,20 
+ c x + c3 20 x3 20 + C4 20 x4 20 + c2o 5 x2o 5 
2' 20 2' 20 , ' ' ' ' ' 
+ czo,7 Xzo,7 + c1s,26 XJs,26 + cl6,26 xl6,26 + c26,2B X26,2s 
+ Cs,22 Xs,22 + c7,22 x7,22 + c6,23 x6,23 + c8,23 x8,23 
65 
+ c22,24 X11,24 + Czz,29 X22,29 + c23,24 x23,24 + Cz3,29 X23,2 9 
+ Cz4,1S Xz4,1S + c24,16 x24,16 
By substituting approx~ate values for all _positive cost 
coefficients and by omitting all terms with zero unit cost coefficients, 
the objective function becomes (all cost coefficients are· in $f,M2BTU: 
Max~ize: Z ; (5.00) Y1 + (5.00) ~2 + (S.OO) Y3. + (S.OO) Y4 
+ (SO.OO) Ys + (SO.OO) Y6. + (SO.OO) Y7 + (50.00) Yg + (10.00) Yg 
+ (10.) Y10 + (10.) Y11 + (10.) Y12 + (10.) Y13 + (10.) Y14 
+ (SO.) Y15 + (SO.) Y16 + (1l.S2) x17 , 27 + (14.40) x17 , 21 
+ (3.86) x18 ,1+ (3.86) x18 , 2+ (3.86) x18 , 3~ (3.86) x18 ,4 
+ (3.86) x18 , 6 + (3.86) x18 , 8 + (.965) x19 , 21 + (2.08) x5, 22 
+ (1.6S) x6, 23 + (2.08) x7, 22 + (1.65) x8, 22 + (2.26) x22 , 24 
+ (2.09) Xz3,24 
CHAPTER V 
ro.1PUTER PROGRAM USED 
The computer program used to solve the system constraints 
for different demands (as will be further discussed in Chapter VI) 
was that of Kuester and Mize [26] . This program was originally 
based on Branch and Bound Mixed Integer Programming, a program 
written by Ilf4 [27]. The algorithm uses the Land and Doig branch and 
bound method [28]. A listing of the program along with certain 
changes made to provide the program with the capability of solving 
such a large system, appears in Appendix A. 
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Canputer inp.It listings appear in Appendix B. When referring 
to the listings in Appendix B, the set of equivalences in Table 6 
must be noted. 
The branch and bound teclmique used by this computer program 
is an exact teclmique. However, due to this exact algorithm, the 
accuracy of the model was forcibly decreased in order to run the 
program on available computer core size. In Chapter VI I this point 
is developed further and recommendations are made for possible 
alleviation of the problem. 
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TABLE 6 
SET OF VARIABLE EQUIVALENCES APPLIED IN FORTRAN PROGRAM 
COMPliT~ CCMPU!'bR CCMPUTER 
M)DEL INPUT MJDEL INPliT MlDEL INPUT 
z x1 x2 19 x22 · x21,1o x43 ' 
y1 x2 X7,22 Xz3 x21,11 x44 
I 
Yz x3 X3 19 , x24 x21,12 x4s 
y3 x4 ~,19 x2s x21,13 x46 
y4 Xs Xg 23 
' x26 x21,14 x47 
Yg x6 X19,21 x21 x11,21 x4s 
ylO x7 X1s,1 x2s x1s,26 x49 
y11 Xg X1s 2 ' x29 xl6,26 X so 
y12 Xg Xzz,29 x3o X 24,--15 X 51 
y13 X1o X1s,3 x31 x24,16 ~2 
y14 X11 X1s,4 x32 x22,24 xs3 
Y15 X12 x23,29 x33 xs 22 xs4 , 
y16 xl3 X2s,2s x34 x2o,s xss 
Ys X-14 x26,2s x3s x1s 6 xs6 , 
y6 x1s Xg,zs x36 x20,1 xs7 
y7 x16 X1o,2s x37 x1s,s xss 
Ys. X17 X11,zs X3s x1,2o xsg 
I 
x23,24 x.1s X12,2s X39 x2 20 , \o 
X()' 23 xl9 x13,25 x4o x3 20 
' 
x61 
Xl9,27 x2o x14,25 x41 x4,20 x62 




·computer Runs ·:Made 
Danands Used For Each Run 
The purpose of this researCh is to establish a procedure to 
provide total en~rgy plant operations personnel with guidelines that 
will minimize operati?g costs lNhile continu~ to meet all system 
demands. For this reason, t'WO sets of demand curves were examined. 
One set of curves represents system demands for twenty-four hours 
on a typical surmner day (~ee Figure 12) . The second set of curves 
represents system demands for twenty-four hours on a typical winter 
day (see ~igure 13) • 
Both sets of curves -were each divided into three ~ight-hour 
sections. Three nms ~remade, each represent~ng one eight-hour 
section of the demand curve for a typical summer day. EaCh run used 
the maximum demand duri_ng that eight-hour section for each type of 
energy, i.e. , electricity, Chilled water, and high temperature hot 
water (_see dashed lines on ~igure 12) . 
.Another three runs \\ere made with eaCh run representing one 
~ight-hour section of the demand curve for a typical winter day. 
Again, each run used the maximum demand during that eight-hour 

















.. Canputer RtmS 
Hot Water Use 
~ 12 8 12 
Noon 
Time of Day (hrs) 
Figure 12. Approximations of SUillller Day Energy Demands 
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Figure 13. Approximations of Winter Day Energy Demands 



















T:ime of Day (hrs) 
Figure 13. Approximations of Winter Day 
Energy Demands for Hot Water 
(continued) 
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Method of Establishi_ng Continuity 
Computer runs made to solve the linear p~ogramming model 
developed by ~t_chffis for each of the aforementioned e.ight-hour sec-
tions of the demand curves -were run independently. However, a com-
puter run representing an eigh~-hour section of the demand curves 
using the fixed charge model can be forced to depend on the current 
on/off status of eaCh piece of equipment. 
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The current on/off status of equipment affects the presence 
of the setup cost for that equipment in the objective function. That 
is, if the equipment is currently in use, then this "on" status must 
be reflected in the objective function by setting the setup cost for 
that equipment to zero. Similarly, if the equipment is not in use, 
its correspond~g setup cost must appear at a positive level in the 
objective function. When positive setup costs for all equipment 
appear in the objective fUnction, this signifies that all equipment 
is off. 
To use the fixed charge model of the system and its associated 
computer program on a real t~e basis, the plant operator should 
proceed according to the following steps before submitting eaCh 
computer run: 
1. Check the on/off status of eaCh piece of equipment and reflect 
this status in the objective function of the model by initializ-
~g setup costs for equipment not in use to their correspondi~g 
positive levels and by initializing the setup costs for equip-
ment in use to zero. 
2. Record projected demand levels in the constraints corresponding 
to each of the various ene_rgy users. 
To exemplify this procedure, the computer runs made for the 
first eight-hour sections of the demand curves for both the typical 
summer day and the typical winter day were initialized as if all 
equipment was off, i.e., al~ applicable setup costs existed at posi-
tive levels in the objective function. 
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The computer runs made for the second ~ight-hour section of 
eaCh day were initialized according to the solution for the first 
e.ight-hour section run and to the demands corresponding to this 
second time period as shown in Figures 12 and 13. That is, if the 
first solution indicated certain equipment should not be used, then 
the objective function for the second run reflected this "off" status 
with the corresponding setup cost ex~ti~g at a positive level. 
Oth.eiWise, if the first solution indicated certain equipment should 
be used, then its correspond~g setup cost in the objective function 
was set to zero to reflect this "on" status. Also, constraints for 
the second run for eaCh day reflected the demands for each of the 
various energy users corresponding to this second time period as 
shown in Figures 12 and 13. 
The computer runs for the third ~ight-hour section of each 
.day were stmilarly initialized according to the solution of the 
second run for eaCh day and to the rates of demand for each of the 
various energy users corresponding to this third time period as shown 
in Figures 12 and 13. 
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This process of seeding one computer run with the solution 
of a preceeding run, or, on a real time basis, of seed~g a run with 
the current Ofl:/of:f:. status of equipment, provides the fixed charge 
model with a realistic attribute of continuity between tnne-sectioned 
approximations of a set of demand curves. This realistic attribute 
of continuity enables the plant operator to detennine optimal on/off 
equipment sett~gs as well as operation rates whiCh will satisfy all 
system constraints from a system model initialized to existing 
on/off equipment settings. 
Results 
Tables 7 thr~ugh 12 reveal the results of the final opttmal 
solution for each case studied. crables 13 and 14 summarize these 
results.) 
It should be remembered when examining these tables of 
results, that finding the value of Z, know.n as the objective function 
value, is not the purpose of the fixed charge model. The purpose 
of the model is to minimize costs. Alth~ugh i.t is too drastic to say 
that the value of Z is useless, its purpose was not that it be used 
for cost accounti:ng. The value of Z is computed wi ~ the use of 
values such as en~rgy-loss costs. Energy-loss costs do not represent 
money actually spent. Instead, they are a measure used to differen-
tiate between efficient and less efficient operations, and to trace 
the path of ene_rgy through the system by adding these "costs" to the 
actual money spent for initial fuel. 
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TABLE 7 
RESULTS OF WINTER DAY RUN 
12 a.m. -8 a.m. 
VARIABLE VALUE VARIABLE VALUE VARIABLE VALUE VARIABLE VALUE 
z 1255.67 !1.6 0.0 Xz3,29 a.. a X1s,26 19.8 
y1 1.0 Xz3,24 0.0 Xzs,28 7.16 x16,26 0.0 
Yz 0.0 x6,23 0.0 Xz6,28 19.8 x24,1s 32.0 
y3 0.0 x19,27 6.22 Xg,zs 7.16 Xz4,16 o.o 
y4 o.o X1,19 15.80 X1o,25 0.0 x2Z,24 . 32.0 
I 
v 1.0 Xz,19 0.0 x11 25 0.0 xs,zz 20.5 . 4.5 
' 
y6 o.o X7,22 20.5 ~2,25 0.0 Xzo,s 31.5 ' 
y7 x3,19 ~3,25 
... 
x1s 6 1.0 0.0 o.o 0.0 
' 
Ys 0.0 X4 19 0.0 x14,2s 0.0 x20,1 31.5 : J 
Yg 1.0 Xs,?3 0.0 x21 g· 9.55 ~18,8 0.0 ! 
' 
Y1o 0.0 x19,21 9.55 , x21,1o 0.0 x1,2o 63.1 
X Xz,zo 
I 
y11 0.0 x1s,1 78.8 0.0 0.0 21,11 
Y1z o.o X1s 2 0.0 x21,1z 0.0 X3 20 0.0 ' ' 
y13 0.0 x22 ,29 9.0 XZ1,13 0.0 X4,20 0.0 ' 
y14 0.0 X1s,3 0.0 x21,14 0.0 X11,21 53.8 
Y1s 1.0 x18,4 0.0 X11,21 0.0 
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TABLE 8 
RESULTS OF WINTER DAY RUN 
8 a.m. -4 p.m. 
VARIABLE VALUE VARIABLE VALUE VARIABLE VALUE VARIABLE VALUE 
z 2238.25 y1.6 0.0 x23,29 39.0 X1s,26 45.0 
! 
y1 Xz3,24 Xzs,zs Xi6,26 
I 1.0 72.6 0.0 0.0 
I 
Y2 0.0 x6,23 69.5 x26,28 45.0 x24,1S 72.6 I 
y3 0.0 xl9,27 15.8 Xg,zs 0.0 Xz4,16 0.0 
y4 0.0 x1,19 15.8 X1o,2s 0.0 Xzi,24 0.0 
Ys 1.0 x2,19 . 0.0 x11 zs 0.0 xs,22 20.5 . ' 
y6 1.0 X7,22 20.5 ~2,25 0.0 X2o,5 31.5 
y7 1.0 x3,19 0.0 x13,2S 0. 0 .. X1s,6 99.3 
Yg 1.0 x4,19 0.0 ~14,25 0.0 Xzo,7 31.5 
Yg o.o Xs,~3 42.1 xz1 9 0.0 ~s,s 60.1 J • 
Y1o 0.0 x19,21 0.0 x21,1o 0.0 x1,2o 63.1 
y11 0.0 x1s 1 78.8 X 0.0 X2,20 0.0 
' 21,11 I 
y12 0.0 X1s 2 0.0 xz1,12 0.0 X3,2o 0.0 ' 
y13 0.0 xzz,zg 41.0 x21,i3 0.0 X4 20 0.0 ' 
y14 0.0 X1s,3 0.0 x21,14 0.0 x17;27 69.2 
y15 1.0 x18,4 0.0 X11,21 0.0 
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TABLE 9 
RESJLTS OF WINTER DAY RUN 
4 p.m. -12 a.m. 
VARIABLE VALUE VARIABLE VALUE VARIABLE VALUE VARIABLE VALUE. 
z 1929.99 y1.6 0.0 x23,29 8.0 I X~s,26 ·48.0 
y1 1.0 Xz3,24 77.4 X25,2s 1. x16,26 0.0 
Y2 0.0 x6,23 15.9 x26,28 48. x24,15 77.4 
y3 0.0 x19,27 14.4 Xg,25 1. x24,16 0.0 
I 
y4 0.0 x1,19 15.8 I X10,25 0.0 x22,24 0.0 
Y5 1.0 x2,19 0.0 x11,25 0.0 I Xs,zz 20.5 
y6 1.0 X7,22 20.5 ~2,25 0.0 X2o,s 31.5 
y7 1.0 x3 19 0.0 ~3,25 O.b x18,6 22.7 ' 
Ys 1.0 x4,19 0.0 x14,25 0.0 x20,1 31.5 
Yg 1.0 xs,~3 69.5 x21,9 1.33 : ~8,8 99.3 ' 




X X2,20 o.o 78.8 21,11 0.0 0.0 . 
y12 0.0 X1s 2 ·o.o x21,12 0.0 X3,20 0.0 ' ' 
y13 0.0 x22,29 41.0 x21,13 0.0 X4,20 0.0 
I 
y14 0.0 X1s 3 ·' 
0.0 x21,14 0.0 . x17,27 65.6 
I 
Y15 1.0 x18,4 0.0 X11,21 0.0 I 
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TABLE 10 
RESULTS OF Sl»ffiR DAY RUN 
12 a.m. -8 a.m. 
VARIABLE VALUE VARIABLE VALUE !VARIABLE VALUE VARIABLE VALUE 
I z 2468.2£ ~1.6 1.0 Xz3,29 0.0 X15,26 48.0 
y1 1.0 x23,24 131.0 I Xz5,28 0.0 x16,26 47.0 I 
Yz o.o x6,23 61.7 Xz6,2S 95.,0 x24,Is 77 .4· 
y3 0.0 x19,27 15.8 Xg,25 0.0 Xz4,16 75.8 
y4 0.0 
I 
X1,19 15.8 X1o,zs 0.0 Xzz,z4 22.0 
Ys 1.0 Xz,19 0.0 I x11,2s 0.0 xs,zz 20.5 
y6 1.0 X7,22 20.5 ~2,25 0.0 Xzo,s 31.5 
y7 1.0 x3,19 0.0 x13,2s 
0.0 x18,6 88.2 
Yg 1.0 x4,19 o. 0 ! X14 ,zs · 0.0 x20,1 31.5 
I 
Yg o. 0 I 
I Xs,~3 69.5 x21,9 0.0 ~8,8 99.3 
Y1o 0.0 x19,21 0.0 x21,1o 0.0 x1 .zo 
63.1 
I ' 
y11 0.0 ' X1s 1 78.8 X 0.0 I Xz,zo 0.0 
' 21,11 
y12 0. 0 I X1s 2 0.0 · x21 ,12 0.0 x3,20 0.0 , 
y13 0.0 · x22,29 19.0 x21,13 
0.0 . X4,2o 0.0 
y14 0.0 X1s 3 0.0 Xz1,14 0.0 X11,21 44.2 : , 




RESULTS OF SUM4ER DAY RUN 
8 a.m. -4 p.m. 
VARIABLE VALUE VARIABLE VALUE VARIABLE VALUE VARIABLE VALUE 
z 2932.58 !1.6 1.0 x23,29 o.o X1s,26 48.0 
y · 
1 1.0 x23,24 138.0 X2s ,28 . 23.0 x16,26 48.0 .. . 
Y2 o.o x6,23 68.3 x26 ,28 96.0 x24;1s 77.4 
y3 0.0 xl9,27 0.0 Xg,2s o~o x24,16 77.4 
y4 0.0 x1,19 15.8 X1o,2s 0.0 x22,24 17.0 -
Ys 1.0 X2 19 
' 
0.0 x11,2s 22.0 xs,22 20.5 
y6 1.0 X7,22 20.5 ~2,25 0.0 Xzo,s 31.5 
~ 
y7 1.0 x3,19 0.0 ~3,25 0.0 Xls,6 97.6 
Yg 1.0 X4 19 0.0 x14,2s 1.0 x2o,1 31.5 
' 
Yg 0.0 · Xs ,73 69.5 x21,9 0.0 x1s,s 99.3 
Y1o· 0.0 x19,21 15.8 Xz1,10 o.o x1,2o 63.1 
y11 1.0 x1s 1 78.8 X 29.3 x2,2o 0.0 
' 21,11 
y12 o.o X1s 2 0.0 x21,12 0.0 X3,2o 0.0 
' 
y13 0.0 x22,29 24.0 x21,13 b.o X4,20 0.0 
y14 1.0 X1s,3 0.0 x21,14 1.33 ' X17,21 85.0 
Y1s 1.0 x18,4 0.0 X11,21 14.9 
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TABLE 12 
RESULTS OF SUMMER DAY RUN 
4 p.m. -12 a.m. 
VARIABLE VALUE VARIABLE VALUE VARIABLE VALUE VARIABLE VALUE 
I 
z 2764.19 !1.6 1.0 Xz3,29 0.0 X1s,26 48.0' 
y1 1.0 Xz3,24 136.0 Xzs,2s 19.0 x16,26 48.0 
Y2 0.0 x6,23 69.5 . ' Xz6 ,28 96.0 I x24,1S 77.4 
y3 0.0 xl9,27 0.0 Xg,2s 0.0 x24,16 77.4 
y4 0.0 x1,19 15.8 X1o,2s 0.0 x22,24 19.0 




X2o,s y6 1.0 X7,22 20.5 0.0 31.5 . I 
'-
y7 1.0 x3,19 0.0 ~3,25 0.0 x18,6 99.3
1 
I 
Y8 1.0 X4 19 0.0 x14,2s 0.0 x2o,1 31.5 
' 
. y9 0.0 xa,~3 66.3 x21,9 0.0 ~8,8 94.8 
Yio 0.0 x19,21 15.8 x21,1o 
0.0 I X 
1,20 
63.1 1 
y11 1.0 X1s,1 78.8 ' X 25.3 X2,20 0.0 21,11 
Y12 0.0 X1s 2 0.0 xz1,12 0.0 x3 ·,2o 0.0 , 
I 
y13 o.o x22 ,29 22.0 x21,13 0.0 
I 
X4,20 0.0 
y14 o.o X1s,3 0.0 · x21,14 0.0 X11,21 80.0 
Yls 1.0 x18,4 o.o X11,21 9.56 
Tables 13 and 14 summarize results for the three winter day 
computer runs and the three summer day runs respectively. Both sets 
of runs indic~t~jhe following general policies: 
1. Use turbine-generators at a minimal rate. 
2. Use absorption Chillers to supply the bulk of Chilled water. 
3. Use centrifugal Chillers a~ a backup source of Chilled water. 
4. Run boilers to produce hot water for the hot water demand and 




stM4ARY OF RESULTS roR WINI'ER DAY 
EQUIPMENT INITIAL 12 a.m.- 8 a~m.- 4 p.m.-
'IYPE VARIABLE STA1US 8 a~m: 4 p.m~ · 12 a.m. 
~crlVE CTI<It 
I . • z 0 1255.67 2238 .• 25 1929.99 VALUE · 
yl 0 1 1 1 
y2 0 0 0 0 
WRBINES 
y 0 0 0 0 
3 
y4 0 0 0 0 
Ys 0 1 1 1 
y6 0 0" 1 1 
BOILERS 
y7 0 1 '"1 1 
Ya 0 ·0 1 1 
Yg 0 1 0 1 
Y1o 0 0 0 
o· 
CF.NTRIFUGAL y11 0 0 
0 0 
iliiiLERS y12 0 
0 0 0 
yl3 0 0 0 0 
y14 0 0 0 0 
ABSORPTIGI Yis 0 1 1 1 
CBILLERS 
y16 0 0 0 0 
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TABLE 14 
SUMMARY OF RESULTS FOR SUMMER DAY 
EQUIPMENT ' . INITIAL 12 a.m.- 8 a.m.- 4 p.m.-
1YPE VARIABLE STA1US 8 a.m. 4 p.m. 12 a.m. 
OBJECTIVE 
RJNCfiON 
VALUE z 0 2468.29 2932.58 2764.19 
yl 0 .1 1 1 
1URBINES Yz 0 0 0 0 
y3 0 0 0 0 
y4 0 0 0 0 
Ys 0 1 1 1 
BOILERS y6 0 1 1 1 
y7 0 1 '- 1 1 
Ys 0 1 1 1 
yg 0 .o 0 0 
y10 0 0 0 0 
CENTRIFUGAL 
y11 0 0 1 1 
CHILLERS 
yl2 0 0 0 0 
y13 0 0 0 0 
y14 0 0 1 0 
ylS 0 1 1 1 ABSORPTION 
CHILLERS y16 0 1 1 1 
CHAPTER VII 
CONCLUSIONS AND REC<M\1ENDATIONS 
Personnel at the case study power plant defined one 
operating policy nonnally followed as: use the six centrifugal 
chillers as the main source of chilled water and use the absorption 
chillers as a backup source. Resear~ by Hutchins I 5 ] , previously 
discussed in Chapter I in the section titled "A linear ~ogranming 
Model" provided results which indicated a reverse policy, i.e., use 
the absorption chillers as the main source of chilled water and use 
the centrifugal chillers as a backup source. The ~amputer runs 
84 
made for the fixed charge model concur with the conclusion indicated 
in the research conducted by Hutchins .. 
Unlike the research conducted by Hutchins, which was only 
capable of indicating which major class of equipment to use, i.·e., 
centri~gal chillers, absorption chillers, etc., the fixed charge 
model can be used by operations personnel to guide them in actually 
turning individual pieces of equipment on or 9ff. The fixed chB:rge 
model is, therefore, a far mor~ accurate and useful model than the 
linear p~ogranuning model developed by P. Hutchins [ 5 ] . However, 
· the fixed che3:rge model must be used in conjunction with the pro-
fessional j~dgement of e:ognizant operations persormel. 
Not only does the fixed cha:rge model minimize fuel and 
ene.rgy costs resulting from day-to-day operations, but it also 
85 
reduces maintenance costs result~g fram excessive starts wearing 
out equipment parts. Use of the fixed charge model will not eliminate 
machine overhauls., - but it will lengthen the t:ime between them. 
All in all , Tables 7 thro:ugh 12 are excellent indicators for 
their respective ~ight-hour tDne periods of: 
1. Whi.ch equipment should be on or off. 
2. At what rate each piece of equipment should be runni:ng. 
3. How much of each type of fuel to buy initially. 
4. The preferrable amount and dest:ination for each type of energy 
at each point in the system. For example: how much purchased 
electricity Should be routed to the centrifugal chillers and how 
much should be transmitted directly to the electricity demand 
point. 
Unfortunately, despite the accuracy of the fixed ~ge model, 
the computer p~ogram used to enact the pro.cedure uses large amounts 
of both computer core storage and central processor time. One run 
cost as much as $69.44 while the other runs cost from $9.36 to 
$22.80. These ~igh costs stem· from the iterative technique used by 
the branch and botmd method. 
Future research could s~ek a solution to the system con-
straints us~ng either one of the :improved branch and bound methods 
mentioned in Chapter II in the section titled tMethods of Solution", 
or one of the heuristi.c methods mentioned in the same section. 
Research involved with exam:in~g the heuristic methods could canpare 
answers of the approx~ate ~lgorithms to the answers obtained in 
this research. 
Another area ' for future research involves investigating 
results of using different methods of sectioning the various energy 
demand curves. The sectioning method used herein involved examining 
. -
the various energy demand curves for eight-hour periods. Greater 
savings and system accuracy might result if the demand curves were 
sectioned according to four-hour or even t~-hour periods. Such 
shorter time periods would better apprax~te the demand curves. 
One final suggestion for future research involves recording 
statistics concerning the system energy demands and other factors 
86 
such as the time of year, temperature, and humidity so that regression 
analysis may be used to predict the energy demands and, thus, use 
the fixed Charge model to anticipate operational procedures and 
thereby help eliminate the inclination of operations personnel ·to turn 
on equipment unnecessarily and thereby waste fuel and energy. 
87 
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